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Abstract
The six independent formfactors describing the weak decay Λb → Λce−νe are deter-
mined in terms of one universal function when both the b and c quarks are treated as heavy.
The relations between these formfactors are modified by terms suppressed by inverse pow-
ers of the charm quark mass. We compute the formally leading long-distance corrections
to these relations in chiral perturbation theory both at and away from zero recoil. They
arise from the spin-symmetry breaking Σ∗c − Σc mass splitting and are nonanalytic in the
pion mass. The correction at the zero-recoil point is found to be −(3.4 ± 2.0) × 10−4g23
for a quark model estimate of mΣ∗c
− mΣc and where g3 ∼ 1 is an axial coupling con-
stant. Further, the formfactors that vanish in the heavy quark limit do not receive such
corrections.
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DOE-ER/40682-58 January 1994
1
Great simplifications occur in the strong dynamics of a quark in the limit that its mass
becomes infinitely larger than the QCD scale [1]-[3] . The new spin-flavour symmetries
that become manifest in this limit of QCD give rise to stringent constraints on weak matrix
elements between hadrons containing heavy quarks. Apriori, six independent formfactors
are required to describe the decay Λb → Λce−νe . When both the b and c quarks are
treated as heavy these formfactors are all related in terms of one universal function [4]
[5]. The vanishing of the leading 1/mc corrections at zero-recoil to this decay [6] provides
another opportunity for a model independent measurement of the weak mixing angle Vbc.
In this work we will compute the formally leading corrections to the relations between the
six formfactors arising from long-distance physics. These corrections are nonanalytic in the
pion mass and arise from the spin-symmetry breaking Σ∗c − Σc mass splitting. Analogous
computations have been performed in the meson sector [7] [8].
In general there are six independent form factors fi and gi (conventionally functions
of q2) describing the decay Λb → Λce−νe defined by
〈Λc(p′)|cγµb|Λb(p)〉 = uΛc(p′) [f1γµ − if2σµνqν + f3qµ]uΛb(p)
〈Λc(p′)|cγµγ5b|Λb(p)〉 = uΛc(p′) [g1γµ − ig2σµνqν + g3qµ] γ5uΛb(p)
, (1)
where q = p− p′ is the momentum transfer to the leptons. As we wish to treat the b and c
quark as heavy compared the the scale of strong interactions it is convenient to write the
matrix element in terms of the four-velocities v and v′ instead of the momentum p and p′
which diverge in the infinite mass limit. The formfactors Fi and Gi ( functions of w = v ·v′
for convenience) are defined by
〈Λc(v′)|cγµb|Λb(v)〉 = uΛc [F1γµ + F2vµ + F3v′µ] uΛb
〈Λc(v′)|cγµγ5b|Λb(v)〉 = uΛc [G1γµ +G2vµ +G3v′µ] γ5uΛb
. (2)
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It is easy to show that
f1 =F1 + (mΛb
+mΛc)(
1
2mΛb
F2 +
1
2mΛc
F3)
f2 =− ( 1
2mΛb
F2 +
1
2mΛc
F3)
f3 =(
1
2mΛb
F2 − 1
2mΛc
F3)
g1 =G1 − (mΛb −mΛc)(
1
2mΛb
G2 +
1
2mΛc
G3)
g2 =− ( 1
2mΛb
G2 +
1
2mΛc
G3)
g3 =(
1
2mΛb
G2 − 1
2mΛc
G3)
. (3)
When the b quark is treated as heavy the formfactors are determined in terms of two
independent functions F1 and F2 [9] . It is the spin symmetry of the b quark alone that
allows the matrix element to become
〈Λc(v′)|cΓh(b)v |Λb(v)〉 = uΛc [F1 + F2v/] ΓuΛb , (4)
for any lorentz structure Γ. The dynamical QCD quark field b has been integrated out and
replaced with a static quark field h
(b)
v of four-velocity v. Apriori, there are no constraints
on the functions F1 and F2, in particular, there is no normalisation condition at the zero-
recoil point w = 1. As only the b quark has been treated as heavy there are relations
between the formfactors that are valid for any value of the charm quark mass [9] ,
f1 =g1 = F1 + mΛc
mΛb
F2
f2 =− f3 = g2 = −g3 = − 1
mΛb
F2
. (5)
Such relations will receive corrections of the form ΛQCD/mb and αs(mb)mc/mb (which we
neglect in this work) but will be valid to all orders in a 1/mc and αs(mc) expansion. When
the c quark is also treated as heavy compared to the QCD scale it too can be integrated out
and replaced by a static field h
(c)
v′
of four-velocity v′. This then allows all six formfactors to
be written in terms of one universal function, η(Λ)(w). The weak matrix element becomes
〈Λc(v′)|h(c)v′ Γh(b)v |Λb(v)〉 = η(Λ)(w)uΛcΓuΛb . (6)
3
The Isgur-Wise function η(Λ)(w) at zero-recoil (w = 1) is related to the b number
current via the flavour symmetry in the heavy quark limit and consequently η(Λ)(1) = 1.
It follows from (6) that f1 = g1 = Cbc η
(Λ)(w) and f2 = f3 = g2 = g3 = 0 where Cbc
arises from perturbative strong interactions between the scale of the b and c quarks and is
calculable [10]. The leading 1/mc corrections to these relations have been computed in [6]
f1 = g1 = G1
(
1 +
Λ
2mc
1
1 + w
(
1− mΛc
mΛb
))
f2 = −f3 = g2 = −g3 = G1
mΛb
Λ
2mc
1
1 + w
, (7)
where G1 is the formfactor appearing in (3) normalised at zero recoil to Cbc and Λ =
mΛQ
−mQ. Such corrections do not renormalise the matrix element at zero recoil. These
relations are modified by terms higher order in 1/mc [11] and αs(mc) but in such a way
to preserve (5) , it is a class of these corrections we will compute in this work.
The dynamics of the pseudo-Goldstone bosons associated with the spontaneous break-
ing of SU(3)L ⊗ SU(3)R chiral symmetry to SU(3)V symmetry are described by the la-
grangian
Lpi = f
2
pi
8
Tr
(
∂µΣ†∂µΣ
)
+ .......... , (8)
where the dots denote operators with more derivatives or insertions of the light quark
mass matrix. With this definition the pion decay constant fpi = 135MeV and Σ is the
exponential of the pseudo-Goldstone boson field,
Σ = exp (2iM/fpi) , (9)
where M is the octet of pseudo-Goldstone bosons
M =


1√
6
η + 1√
2
π0 π+ K+
π− 1√
6
η − 1√
2
π0 K0
K− K
0 − 2√
6
η

 . (10)
The pseudo-Goldstone boson field has a well defined transformation under chiral symmetry
Σ → LΣR† however in order to introduce matter fields such as baryons or mesons con-
taining a heavy quark it is convenient to introduce the field ξ which is defined as ξ2 = Σ.
This transforms under chiral symmetry as
ξ → LξU † = UξR† , (11)
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which implicitly defines U , a matrix that depends upon the pion field and on L and R.
From this, two vector fields of definite parity can be constructed
V µ =
1
2
(
ξ∂µξ† + ξ†∂µξ
)
, Aµ =
i
2
(
ξ∂µξ† − ξ†∂µξ) . (12)
The vector field V µ transforms inhomogeneously under chiral symmetry V µ → UV µU † +
U∂U † while the axial vector field transforms homogeneously Aµ → UAµU †.
It is known how to combine heavy quark symmetries and chiral symmetry together
in order to describe the soft hadronic interactions of hadrons containing a heavy quark
[12]-[15] . As we are only concerned with heavy baryons we will not discuss the lagrangian
for heavy mesons, we refer the reader to [16] for a review. Light degrees of freedom in
the ground state of a baryon containing one heavy quark can have sl = 0 corresponding
to a member of the SU(3)V antitriplet, Ti(v) or they can have sl = 1 corresponding to
a member of the SU(3)V sextet , S
ij
µ (v). In the latter case, the spin of the light degrees
of freedom can be combined with the spin of the heavy quark to form both J = 3/2 and
J = 1/2 baryons, which are degenerate in the mQ → ∞ limit. The sextet field Sijµ (v)
(satisfying vαSijα (v) = 0) contains twelve baryon fields, six J = 1/2 and six J = 3/2 fields.
Using the notation of [15] ,
Sijµ (v) =
1√
3
(γµ + vµ)γ5
1
2
(1 + v/)Bij +
1
2
(1 + v/)B∗ijµ
Ti(v) =
1
2
(1 + v/)Bi
, (13)
where the elements of the symmetric tensor Bij containing the charm baryons are
B11 = Σ++c , B
12 =
1√
2
Σ+c , B
22 = Σ0c ,
B13 =
1√
2
Ξ+c2 , B
23 =
1√
2
Ξ0c2 , B
33 = Ω0c
. (14)
The J = 3/2 partners of these baryons (described by the Rarita-Schwinger field B∗ijµ
satisfying γµB∗ijµ = 0) have the same SU(3)V assignment. The elements of the antitriplet
representation are for the charm baryons
B1 = Ξ
0
c1 , B2 = −Ξ+c1 , B3 = Λ+c . (15)
The chiral lagrangian describing the soft hadronic interaction of these baryons is given
by [15]
LQ = iT iv ·DTi − iSµijv ·DSijµ + ∆0S
µ
ijS
ij
µ
+ g3
(
ǫijkT
i
(Aµ)jlS
kl
µ + h.c.
)
+ ig2 ǫµνρσS
µ
ikv
ν(Aρ)ijS
σjk + ............
, (16)
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where the dots denote operators with more insertions of the light quark mass matrix, more
derivatives or higher order in the 1/mQ expansion andD
α is the chiral covariant derivative.
Coupling of the pseudo-Goldstone bosons to the antitriplet baryons is forbidden at lowest
order in 1/mQ. Even in the infinite mass limit the Σ
(∗)
Q baryons are not degenerate with the
ΛQ baryons as the light degrees of freedom are in a different configuration. This intrinsic
mass difference is ∆0.
The left handed weak current responsible for the b → c transition matches onto an
effective current in the chiral lagrangian of the form [15]
cΓb→ Cbc
(
η(Λ)(w)T c(v
′)ΓTb(v)
−
[
gσρη
(Σ)
1 (w)− vσv′ρη(Σ)2 (w)
]
S
σ
c (v
′)ΓSρb (v)
)
+ ............
, (17)
where the dots denote terms higher order in 1/mc, the light quark mass matrix and deriva-
tives. The Isgur-Wise function η(Λ)(w) has been defined earlier and η
(Σ)
1 (w), η
(Σ)
2 (w) are
Isgur-Wise functions for the weak transition Σ
(∗)
b → Σ(∗)c . Both η(Λ)(w) and η(Σ)1 (w) are
normalised to unity at zero recoil at which point any dependence on η
(Σ)
2 (w) vanishes.
At leading order in the heavy quark expansion, the heavy quark lagrangian is inde-
pendent of the mass of the heavy quark and interactions with the light degrees of freedom
are spin independent. Consequently, the Σ∗Q and ΣQ baryons are degenerate. At next
order in 1/mQ, the chromomagnetic interaction
L1 = −ZQ 1
2mQ
hσαβG
αβh , (18)
(G is the gluon field strength tensor and ZQ is a renormalisation factor) gives rise to a
finite mass splitting. This is reproduced in the chiral lagrangian by a term of the form
L∆m = ∆m
6
(gµαgνβ − gναgµβ)SµiσαβSν , (19)
where ∆m is the mass splitting between the Σ∗Q and ΣQ baryons. In order to make things
simple we define two mass differences,
∆c = mΣc −mΛc
∆∗c = mΣ∗c
−mΛc
, (20)
giving ∆m = ∆∗c −∆c. As we are neglecting terms of order 1/mb we also have
∆0 = mΣb
−mΛb = mΣ∗b −mΛb . (21)
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The leading long-distance correction to the weak matrix element for Λb → Λce−νe
from the spin-symmetry breaking Σ∗c − Σc mass splitting arises from the graphs shown
in fig. 1. These contribute terms that are nonanalytic in the pion mass and are formally
dominant in the chiral limit (We will only consider contributions from π’s and not from
K’s or η’s). We find that the weak matrix element becomes
〈Λc(v′)|cΓb|Λb(v)〉 = CbcuΛc(v′)ΓuΛb(v)
(
η(Λ)(w)
+
g23
4π2f2pi
[
δη(Λ)(∆0,∆
∗
c ,∆c, w)− δη(Λ)(∆0,∆0,∆0, w)
] ) , (22)
where
δη(Λ)(∆0,∆
∗
c ,∆c, w) =η
(Σ)
1 (w)
[
(w2 + 2)[I1(∆0,∆
∗
c , w) +
1
2
I1(∆0,∆c, w)]
− w(w2 − 1)[I2(∆0,∆∗c , w) + I2(∆0,∆c, w)]
]
−η(Σ)2 (w)(w2 − 1)
[
w[I1(∆0,∆
∗
c , w) +
1
2
I1(∆0,∆c, w)]
− (w2 − 1)[I2(∆0,∆∗c , w) +
1
2
I2(∆0,∆c, w)]
]
−3
4
η(Λ)(w) [3I1(∆0,∆0, 1) + 2I1(∆
∗
c ,∆
∗
c , 1) + I1(∆c,∆c, 1)]
. (23)
The contribution proportional to η(Λ)(w) comes from wavefunction renormalisation while
the remaining terms come from vertex graphs shown in fig. 1. The integral I1 is
I1(∆1,∆2, w) =
∫ 1
0
dx
[
−
(
b(x)
a(x)
)2
log
(
m2pi/Λ
2
χ
)
+
b(x)πmpi
(
√
a(x))3
+
b(x)mpi
(
√
a(x))3
((√
b(x)2
m2pia(x)
− 1
)
log (λ(x))− π + 2 b(x)
mpi
√
a(x)
)] , (24)
where mpi is the pion mass and
λ(x) =
b(x)
mpi
√
a(x)
−
√
b(x)2
m2pia(x)
− 1 + iǫ
b(x)
mpi
√
a(x)
+
√
b(x)2
m2pia(x)
− 1 + iǫ
a(x) = 1 + 2x(1− x)(w − 1)
b(x) = x∆1 + (1− x)∆2
. (25)
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The integral I2 is
I2(∆1,∆2, w) = 4
∫ 1
0
dx x(1− x) ∂
∂a(x)
[........] , (26)
where the dots represent the function inside the square bracket of I1.
It is easy to show that δη(Λ)(∆0,∆0,∆0, w) vanishes at zero recoil, w = 1 as expected,
as this corresponds to the mc →∞ limit. This function can be absorbed by a redefinition
of η(Λ)(w). It is δη(Λ)(∆0,∆
∗
c ,∆c, w) that contains the 1/m
2+n
c n = 0, 1, 2, ..... corrections
nonanalytic in the pion mass that do not vanish at zero recoil and also terms 1/m1+nc n =
0, 1, 2, ..... that are nonzero away from zero recoil. It is important to observe that these
long-distance effects only contribute to the γµ and γµγ5 formfactors, and not to the v
µ
and vµγ5 formfactors (f2, f3, g2 and g3) . Such formfactors are allowed by the b quark spin
symmetry, and would correspond to a contribution to F2 in (4) .
We have chosen the chiral symmetry breaking scale Λχ as the renormalisation point
at which to evaluate (24) and (26) . The scale dependence of these graphs is compensated
by an equal and opposite scale dependence of a local counterterm of the form
Lct = C(µ)Tcσαβ 1
2
(1 + v/)σσρ
1
2
(1 + v/)ΓTbKαβσρ , (27)
where Kαβσρ is some function of v, v
′ and gλγ and is pairwise antisymmetric on αβ and
σρ. This is similar to the construction of [7][8] . It corresponds to two insertions of the
chromomagnetic operator on the charm quark line, and is formally subdominant compared
to the nonanalytic terms found from (23) . It is the scale dependence of the coefficient
C(µ) that compensates the scale dependence of the logarithms in (24) and (26) .
At the zero recoil point w = 1 we find that the contribution from δη(Λ)(∆0,∆
∗
c ,∆c, 1)
linear in ∆m vanishes, giving a leading contribution of order (∆m)2 as required. Neither
the Σ∗c or Σ
(∗)
b baryons have been observed yet and in order to get an estimate of the size
of corrections at the zero recoil point we will use a nonrelativistic quark model calculation
of the Σ∗c mass mΣ∗c
= 2494 ± 16MeV [17]. This value, combined with the experimental
measurements of the other relevant masses [18] gives
∆∗c = 209± 16MeV , ∆c = 167.8± 0.4MeV , (28)
and hence ∆m = 41±16MeV, much smaller than the corresponding D∗−D mass splitting
in the meson sector 1 . We use this to estimate an intrinsic mass splitting of ∆0 =
1 For other estimates of ∆m see [19] [20] and for the present experimental situation see [21]-[23].
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194 ± 11MeV where the uncertainty depends entirely on that of mΣ∗c . Using the above
baryon masses and uncertainties we find that the correction at zero recoil is
δη(Λ)(∆0,∆
∗
c ,∆c, 1) = −(3.4± 2.0)× 10−4g23 . (29)
The axial coupling constant g3 is, as yet, undetermined. However, in the large-Nc limit
of QCD ( Nc is the number of colours) it has been shown to be related to the π-N axial
coupling constant g3 =
√
3
2gA where gA = 1.25 [24] [25] . For the purposes of this work we
will assume that g3 is of order unity. This correction is much smaller than the corresponding
correction found in the meson sector [7] for two reasons. Firstly, the spin dependent mass
splitting is much smaller in the baryon sector than in the meson sector. Secondly, there is
a cancellation between the logm2pi term (which contributes −(1.8 ± 1.2) × 10−3) and the
remaining terms (which depend strongly on ∆0). The corrections are suppressed by the
intrinsic Σ
(∗)
Q − ΛQ mass splitting, which has no analogue in the meson sector.
We can interpret this result in a variety of ways. The most favorable interpretation
would be that indeed the leading long-distance 1/m2+nc , n = 0, 1, ... corrections at zero
recoil are small. However, it is more likely that in fact these graphs are not dominant
over the local counter terms due to cancellations arising from the intrinsic Σ
(∗)
Q −ΛQ mass
splitting. In this case the zero recoil corrections are incalculable within the framework of
chiral perturbation theory. As has been stressed throughout this work the modifications we
have computed arise from the spin symmetry breaking Σ∗Q−ΣQ mass splitting. Corrections
to the zero recoil point may also arise from the operator
L1 = 1
2mQ
h(iD)2h , (30)
in the heavy quark lagrangian corresponding to the fermi motion of the heavy quark within
the baryon. However, they are not computable within chiral perturbation theory and would
appear as local counterterms at order 1/m2c with unknown coefficients. An estimate of such
corrections has been made in the large-Nc limit of QCD [26] where a baryon containing
a heavy quark appears as a bound state of a light baryon skyrmion and a heavy meson
matter field. Zero recoil corrections arise from the fermi motion of both the nucleon and
heavy meson forming the bound state and are found to be about 1%, much larger than
the those computed in this work.
There are analogous corrections to the weak decays Ξb1 → Ξc1e−νe, arising from the
spin symmetry breaking Ξ∗c2 −Ξc2 mass splitting, ∆mΞc . We find the corrections are 1/4
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the size of the corrections for Λb → Λce−νe using quark model estimates for ∆mΞc . This
reduction is mainly a result of the size of the relevant Clebsch-Gordan coefficients.
In conclusion, we have computed the formally dominant corrections, nonanalytic in the
pion mass, to the Λb → Λce−νe matrix element arising from the spin symmetry breaking
Σ∗c −Σc mass splitting, summing a class of 1/m2+nc n = 0, 1, 2, ...... terms that contribute
at zero recoil and a class of 1/m1+nc n = 0, 1, 2, ...... terms that contribute away from
zero recoil. We find that these corrections do not induce the lorentz structures vµ, vµγ5
even though such forms are allowed by the b-quark spin symmetry. The contributions
to the formfactors of γµ, γµγ5 are equal (b-quark spin symmetry) and are found to be
−(3.4±2.0)×10−4g23 at the zero recoil point. Computations in the large-Nc limit of QCD
indicate corrections arising from the fermi-motion of the heavy quark inside the hadron may
be substantially larger than this. Such contributions will only appear as local counterterms
in the chiral lagrangian. Hence it is possible and quite likely that local counterterms give
corrections much larger than those induced by the spin symmetry breaking mass term as
computed in this work.
I would like to thank M.B.Wise, A. Falk and M. Luke for useful discussions. This
research was supported in part by the Department of Energy under contract DE–FG02–
91ER40682.
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Figure Captions
Fig. 1. Graphs generating the leading long-distance 1/mnc corrections to the weak matrix
element for Λb → Λce−νe that are nonanalytic in the pion mass.
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